This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 



BLACK BORDERS 

TEXT CUT OFF AT TOP, BOTTOM OR SIDES 
FADED TEXT 
ILLEGIBLE TEXT 
SKEWED/SLANTED IMAGES 
COLORED PHOTOS 

BLACK OR VERY BLACK AND WHITE DARK PHOTOS 
GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



ro'S PflGE BLANK twro) 



EXHIBIT 13 



W.D. HUSE ET AL 
SCIENCE 246 1275-1281, 1989 



I 

} 



THIS PAGE BLANK (uspto) 



eneration of a Large Combinatorial Library of 
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Richard A. Lerner 



aovcl bacteriophage lambda vector system was used to 
press in Escherichia coli a combinatorial library of Fab 
■gmcnts of the mouse antibody repertoire. The system 
qws rapid and easy identification of monoclonal Fab 
tgmcnts in a form suitable for generic manipulation. It 
« possible to generate, In 2 weeks, large numbers of 
?ooclonal Fab fragments against a transition state ana- 
% hapten. The methods described may supersede prc- 
^Hiay hybridoma technology and facilitate the produc- 
30 of catalytic and other antibodies. 



V*. 7C ONOCLONAL ANTIBODIES HAVE BEEN GENERATED THAT 
[V 1 QtJ 'y K chemical transformations ranging from simple 
. 7-*-acyl transfer reactions to the energetically demanding 
• j-^-jU odhc peptide bond in the presence of metal cofactors (t, 
**• Initially, ic was widclv held that antibodies would be most 
l0r catalysis where their predominant role was to overcome 
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cntropic barriers that occur along the reaction pathway. The basis of 
this hypothesis was that the chance occurrence of amino acid side 
chains' capable of acid base catalysis in proximity to the reaction 
center was unlikely. However, for some reactions, study of the P H 
rate profile has revealed the participation of monobasic residues. 
Other studies have focused on placing appropriate charges on the 
antigen to induce specific binding interactions by complementary 
charged amino acid side chains on the antibody (9, 12, JJ). Such 
funcrionaiitics might participate as a general acid, base, or nudco- 
phile in the reaction under study. ^ 

Apart from the validity of the design of the mechanism based 
antigen, the probability of finding antibodies where particular 
amino acid side chains participate in catalysis also depends on the 
number of different antibodies assayed. Because current methods ot 
venerating monoclonal antibodies do not provide for an adequate 
Purvey of the available repertoire, we have been devising methods to 
clone the antibody repertoire in Escherichia coll and have described 
the preparation of a highly diverse immunoglobulin gene library 
(14). Given the difficulty of expressing both heavy and light chains 
together, we initially considered the construction and expression of 
libraries restricted to fragments of the variable region of the 
immunoglobulin (Ig) heavy chain V H (14). In fact, a recent report 
describes the construction of a plasmid expression library m E. colt in 
which V„ fragments with affinity for keyhole limpet hcrnocyamn 
(KLH) and lysozvmc have been isolated (15). However, the use ot 
isolated V„ fragments as antibody mimics may be limited because 
(i) the available crvstal structures of antibody- antigen complexes 
show considerable 'contact between antigen and V L (light chain 
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vaqablc) domain as well as V H (/*). More cxplicidv, in chc case of a 
scries ol antibodies to dextrin, the V L domain provides contacts 
* critical to antigen binding (17). Thus, it is unlikclv chat the affinity 
of isolated V„ fragments will generallv match that of intaa anribod- 
ies. (u) The absence of the V L domain leaves a large hvdrophobic 
patch on one face of the V„ fragment, which will almost cerainlv 
lead to increased nonspecificity relative to whole antibodies / J) In 
contrast. Fab fragments (antigen binding) have been studied for 
more than ,0 years. They behave as whole antibodies in terms of 
antigen recognition, and their affinity and specificitv are well 
dehncd. Furthermore, for Fab. the combinatorial properties of 
heavy and light chains serve as an important source of diversitv. 

• r r , V '^ al Fib m ° ,CC,J,CS bc «P«w« »<« ««mbled 
«n £• «<>/. (/«). the route to mimicking the diversitv of the antibodv 
system ,n vitro should lie in solving die problem of expressing the 
repertoires ot heavy and light chains in combination. Accordingly 

I*** k 5 . m ?Tu S> ' StCm t0 Cn3b,c ±e conit ~crion of bacteriophage 
ambda (\) hbrar.es expressing a population of functional antibodv 
tragmencs (Fabs) with a potential diversitv equal to or exceeding 
chac ot the parent animal. ' ° 

Criteria for vector construct. To obtain a vector svstcm for 
generating the largest number of Fab fragments that 'could bc 



screened directly, we constructed the expression libraries .V l 

0 £ h3S ™I 0r f °" OU ' inS rCMOm - First " in *™ P»cb^%| 
phage DNA is chc most efficient method of reintroducing r$.°* : .*8§ 
host cells. Second, it is possible to detect protein exprefsbn 

level of sinele-ohare nlin.i~ e:„,ii„ :_ . r'^sioq ^^.4 

enj. 



level of single-phage plaques. Finally, in our experience 00 
phage hbrar.es diminish the usual difficulties with ^ "A 
binding. The alternative, plasmid cloning vectors are o^T^ 
geous in the analysis of clones after thev have been Ule^T^ -i 
advantage is not lost in our svstcm because we use Xiao II ^ *2 
able to exc.se a plasmid ( 19) containing the hcaw chain lloh^ ** I 
or Fab expressing inserts. " ' '"Sntchii^ A 

The vcaors for expression of V H . V L , Fv (f nfcmm . . ■ M 
variable reg.on). and Fab sequences are diagrammed in Fi« , 'J 
2. They were constructed by a modification of Xzap II (19)^^ 
ieonudeotides into the nrnlnni. .i . • 



we inserted syncheric oligonucleotides into the multiple elonin • 
The vectors were designed to be antisvmmetric with rcsoccr 
Not I and Eco RJ restriction sites 'that flank the clonL £ 
cxpress.on sequences. This antisvmmetrv in the placement of rL^ 
tion sites in a linear vector such as bacteriophage allows , .., 
expressing light chains to be combined with one expressing ^ 33 
cha.ns in order to construct combinatorial Fab expression libririi^ 
The vector XLcl is designed to serve as a cloning vector for 



Light chain vector -XLcl 



Lac 2 promoter >f| fimia 
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MKYILPTAAAGLUUAOPAM 


AE 




Stop 









Leader sequence 



Light chain 



Heavy chain vector - XHc2 



Lac Z promoter 



Combinatorial construct 



Heavy chain fragment 



Leader sequence 



Deca peptide 
tag 



UKTVtFTUlCUUJUVlW I if 



Leader sequence 



RIBiSl MKYLLPTAAAGLLLLAAQPAM AQVKL 


j YPYDVPOYAS Stop |-j : 


Leaoer sequeoc* 


\ Decapeptfde 
tag 



ciBS7(nln 5) 



Terminator col El Initiator 



chc Not I and Xho I sires ofXup II. As sv'iih chc lighr chain A^jor.^c 
inscned sequence was conuruacd from overlapping svnthctic 
udes. The combinatorial constructs that can express Fab fr3 ?^itV ". 
generated by cutting DNA isolated from light and hcaw chain htx?**^ ^- • v 
antu>Tnmctric Eco RJ sire of each vector followed "bv r c * I, ^ 3 "^ f ^rt ^ 
resulting arms. This generates conunjcts having random < 0(nbt rt irJtl ■' 
light and heavy chains uhich can bc expressed, upon induction *i , 
from a dicistronic mRjNA from the lac Z promoter. " ~' • J 





■isa' * fr^- " cms * anc * *FIc2 is designed to serve as a cloning vector 
^jl^^ -Jiain sequences in the inirial step oflibrary construaion. 




ccr-rs 3 re engineered to efficiently clone the products of 
^K^^,plificacion with specific restriction sites incorporated at each 
^H' J * ^ C sc ^ ucncc °* cnc oligonucleotides used to construct 
^•'A** * ccrors * nc ^ ut * c tlcmcncs for construction, expression, and 
^cV^jjn of Fab fragments. These oligonucleotides introduce the 
^L-ninictric Not I and Eco RI restriction sites; a leader peptide 
iSLjtf bacterial pel B gene, which has previously been successfully 
/:. v/i to secrete Fab fragments (18); a ribosome binding site 
:ul distance for expression of the cloned sequence; 
y*\in* : ' * or c > tncr *h c I'gto or ncav >' chain PCR product; and, in 
^jlfiHcl ."a deo peptide tag at the carboxyl terminus of the expressed 
■**%r£j\Y chain protein fragment. The sequence of the decapeptide tag 
£*75 xaciul because of the availability of monoclonal antibodies to 

peptide that were used for immunoaffinicy purification of fusion . 
t?tTOcc' nJ ^ nc r cst " a ' on cndonuclcasc recognition sites includ- 
si in the vectors were Sac I and Xba I in XLcl, and Xho I and Spc I 
,fxHc2. The vectors were characterized by restriction digest 
pis and DNA sequencing. 
|&Oioicc of antigen and amplification of antibody fragments, 
ft competed the initial Fab .expression library from mRNA 
from a mouse that had beer, immunized with the KLH- 
kd ^-nitrophenyi phosphonamidatc antigen 1 (NPN) (Fig. 3). 

shown by Jan da md co -workers' (7) to be in 
L ttjjcco'vc one for the generation of catalytic antibodies. Also, the 
u §fcdbodics for the NPN reaction have been identified and therefore 
Erne the implementation of assay systems. Finally, successful 
jjxration of catalytic antibodies generally requires binding to 
jjpinvcly small organic haptens, and it was ncccssarv to test the 
gffinhfliry of our system for such molecules, 
jglhe PCR amplification of messenger RNA (mRNA) isolated 
isptccr. cells or hybridomas with oligonucleotides that incorpo- 
: restriction sites into the ends of die amplified product can be 
v ^^^d to done and express heavy chain sequences ( 14, 15). This work 
"'^Wbocw extended to include the amplification of the Fd (V H - C H 1) 

XLcl 



£caRI ftioume Itfndw^ Site 

Mtt Irs Iff 

TCAATTCTAAACTACTCCCCAACCAGACACTCATAATCAAATA 
.^g^lCGAACTTAAGATTTGATCACCGCTTCCTCTCTCACTATTACTTTAT 
i B Leider 

lev Pra Thr AU AU AU In In In leu All AU Gla Pre 

:ccaac 

iGCTTC 

Kcsl Sad 
Aid Alj Clu In 



r**.™* ltu Pr ° Thf Au AU AU Qj In In In leu Ala AU 
.:>iSt? CUTTG CCTACGGCAGCCGCTGGAT.TGTTATTACTCCCTGCt 
:^SJEATAACGCATGCCGTCGGCGACC'TAACAATAATGAGCGACGC 



Xb*l 



Holt 



: ibl?t Cc CATGGCCGAGCTCGTCAGTTCTAGAGTTAAGCCGCCG 



fir. 



Stop Stop 
TAAl 

GGCTCGAGCAGTCAAGATCTCAATTCGCCGGCAGCT 
XMc2 

""^ Rioiomt Binding Silt 

SCCCCCiAATICTATTTCAACCAGACAGTCATAATC AAA JlC tT i. M* 
CCTTrAACATAAACTTCCTCTCTCACTATTACTMAICCATAA 



etc: 



AU Ali AU Of Im In In In Ui 



;|Cc;CACCCCClCCAr ICTTATTACTCCCtCCCCAACCACC 
-UCCCTCCCCCACCTAACAATAATCACCCACCCCTTCCTCC 



Neil 
AU Uct 
CA 
CT 



O. trf ln 



Xhol 
Itv In 



J C CCCC*CCICAAiCTCCTCCACAITTCTACA 
( tCCtICCACTTTCACCACCTCTAAACArCt 



S*l 

Tp fn T|* *o 
CIACT IACCCCTACC 
CAtCAATCCCC A ICC 



Ai» Tr< Ut Set Slot 



** * » '4 

I ' *' V J ! ^ M C C C C * C T A C cV I T~C T T a'a T A C A A I I C C 

V^JTKc^ V* nuc, - otidc Jcqucncc inserted into Xzap II 
{ V* 0uc *^»nJc sequence inserted into Xup II to coi 



to construct XLcI. 
construct XHc2. 
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Fig. 3. The transition state analog I, which induces antibodies for hvdrolvz- 
ing carboxamidc substrate 2. Compound 1 containing a glutary! spacer and 
an /V- hydroxy succinimidc-1 inker appendage is the form used to couple the 
hapten i iu protein Carriers KLH and BSA, while 3 is the inhibitor. The 
phosphonamidatc functionality is a mimic ot'the stercoclearpnic features of 
the transition state for hvdrolvsis of the amide bond. 



and k chain sequences (Fig. 4) from mouse spleen cells. The 
oligonucleotide primers used for these amplifications (Tables 1 and 
2) arc analogous to those that have been successfully used for 
amplification of V H sequences (W). The set of 5' primers for heavy 
chain amplification was identical to those used to amplify V H ; and 
those for light chain amplification were chosen similarly (N, 2/). 
The 3' primers of heavy (IgGl) and light (k) chain sequences 
included the cysteines involved in disulfide bond formation between 
heavy and light chains. At this stage no primer was constructed to 
amplify light (X) chains since they consdtutc only a small fraction of 
murine antibodies (22). Restriction cndonuclcasc recognition se- 
quences were incorporated into the primers to allow for the cloning 
of the amplified fragment into a \ phage vector in a predetermined 
reading frame for expression. 

Library conscrucrion. We constructed a combinatorial library in 
two steps. In the first step, separate heavy and light chain libraries 
wctc constructed in XHc2 and XLcl, respectively (Fig. 1). In the 
second step, these two libraries were combined at the antisymmetric 
Eco RI sites present in each vector. This resulted in a libran' of 
clones each of which potentially cocxprcsscs a heavy and a light 
chain. The actual combinations arc random and do not necessarily 
reflect the combinations present in the B cell -population in die 
parent animal. The XHc2 expression vector has been used to create a 
library of heavy chain sequences from DNA obtained by PCR 
amplification of mRNA isolated from the spleen of a 129 Gix* 
mouse previously immunized with NPN conjugated to KLH. This 
primary library contains 1.3 X 10 6 plaque-forming units (pfu) and 
has been screened for die expression of the decapeptide tag to 
determine the percentage of clones expressing Fd sequences. The 
sequence for this peptide is only in frame for expression after the 
genes for an Fd (or V H ) fragment have been cloned into the vector. 
At least SO percent of the clones in the library express Fd fragments 
when aisayed by immunodetection of the decapeptide tag. 

The light chain library was constructed in the same way as the 
heavy chain and shown to contain 2.5 x )0 6 members. Plaque 
scrceninc, with an antibody to k chain, indicated that 60 percent of 
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-700 bp 




amplification of Fd and k regions. 5 »u"chwi 



HEAVY CHAIN PRIMERS 



1) 5**AG GT^^A^CT^CTCGaGTcJg G-3 

2) 5--AGGTdCAGCTGtTcLcVcTGG.a- 

3) S'-AGGTCCAGCTGCTCGAGTCACCO- 
<) S'-AGGTCCAGCTTCTCGAGTCTGG-3* 

5) S'-AGGTCCAGCTTCTCGAGTCAGG-r 

6) 5--AGGTCCAACTGCTCGAGTCTGG-3- 

7) S'-AGGTCCAACTGCTCGAGTCAGG-y 

8) S'-ACGTCCAACTTCTCGAGTCTCC-3- 
. 9) 5--AGGTCCAACTTCTCGAGTCAGG-3- 

10) S-.AGGTllAJCTlCTCGAGTC T GG-3- 

■■ A 

U) 5--CTATTAACTAGJAACGCTAACAGT- 
GGTGCCTTGCCCCA-3* 

12) 5'- AGGCTTACTAGJACAATCCCTGG- 
GCACAAT-3- 



Table 1. Primers used 
tor amplification of 
heavy chain Fd frag- 
ments for construction 
of Fab's. Amplification 
«'is performed in eight 
separate reactions, each 
containing one of the 5* 
primers (primers 2 to 9) 
and one of the 3' prim- 
ers (primer 12). The re- 
maining 5' primers that 
\ycrc used for amplifica- 
tion in a single reaction 
are either a degenerate 
primer (primer I) or a 
primer that incorporates 
inostnc ac four degener- 
ate positions (primer 
10). The, remaining 3' 
primer (primer 11) has 



b««d to construct Fv f rasmeno . undcSyr^o/rs- 



the hbran conta.ncd expressed light chain ins £ ns. This relatively 

SJTT^ Pr0babl - V rCSulKd from ^complete 

dcphosphon'lat.on of the vector after cleavage with Sac I and Xba I 

combmatonal library by crossmg them at the Eco RI site as follows. 

K JT, imm . WCh libra 0'-^c lightchain library was 
Jcavcd with Mlu I rcstnction endonucleasc, the resulting S^'ends 
were dcphosphorylatcd, and the produa was digested with Eco RI 
™*?<™» cleaved .the left arm of the vector into several pieces, bu 
?nV ft'™ ™ nta,n,n ? thc chain sequences remained intact. 

dcphosphorylated and then cleaved with Eco RI; this process 
destroyed the nght arm, but the left arm containing the heavy chain 
sequences remained mtact. Thc DNA's so prepared were then mixed 
»d ligatcd. After hgarion, only clones that resulted from combina 
non of a nght am, of hght chain^ontaining clones and a left arm of 
heavy chain-containing clones reconstituted a viable pha-e \t\cr 
hgation and packaging, 2.5 x 10' clones were obtained. This is the 
combmatonal Fab expression library that was screened to identic 
clones havng afhmty for NPN. For determining the frequency of 



<IT3 



Table 2. Pnmcn used for amplification of < light chain *•„ 
construction ot rabs. Amplification was performed in fil *2 Ucn< *S 
now. each contam.ng one of Ac 5' prin.cn (primer. 3 to * £S*** 
3 pnmcn (pnmcr 9). Thc remaining 3' primer (primer 8) hnlL** 
construct Hv Indents. The underlined portion of thc 5' nrit^*" 
rate a Sjc I restriction site and that of the S'-primcn an Xba I I"* 77 

rnC tlQQ'. 

LIGHT CHAIN PRIMERS 



Bg. «. PCR ampljficanon ofFd and k regions from thc spleen mRNA of a 

nZ-i^vT^VA^ ***** as described 
n RVA . 5 V VA r :DNA h ybnds obta,ncd by the reverse transcription of thc 

£we m « r T?' ^ ' 0f 4m P ,ifi " tion of ««« chain •equcncei (12. 
Table 1) or light chain sequences (9. Table 2). Lanes HI to FS represent the 

I ^ , Ch V" re >™<» -ith one of each o» u^e e gh 

3 D rimers fnnmrn 7 tn Q T^kl- t\ i _u . •»# . . . _ _ w, 5"* 



1) S'.CCAGTTCCGAGCICGTTGTGACTCAGCAATCTo- 

2) S '-CCAGTTCCGAGCTCGTGTTGACGCAGCCGCCC r 

3) S'-CCAGTrCCGAGCTCGTGCTCACCCAGTCTCCA.a- 
-») 5*-CCAGTTCCG_AGCTCCAG ATGACCCAGTCTCCA o* 

5) S*-CCAGATGTGAGCTCCTGATGACCCAGACTCCA.r 

6) s'-ccagatgtgagctcgtcatgacccagtctccao- 

7) 5 *-CCAGncCGAGCTCGTGATCACACAGTCTCCAo- 

8) 5 -GCAGCATTCTAGAGTTTCAGCTCCAGCTTGCCO- 

9) 5** GCGCCGTCTAGAATTAAC ACT CAT TCC TGTTGAAO* 



thc phage clones that coe.xpress thc light and heavy chain ■ . ■ 

we screened duplicate lifts of the combinatorial library for l£htrf|l=* a rr. 
heavy cham expression. In our examination of approximately SCO if \'h 
recombinant phage, approximately 60 percent coexprcssed lieht # '• Hbr- 
hcavy chain proteins. . .&r'§g 

Antigen binding. AJI three libraries, the light chain, thc ha»S 
cham, and Fab were screened to determine whether thev conD^IT 
recombinant phage that expressed antibody fragments binding 
NPN. In a typical procedure, 30,000 phage were platcd'andf 
duplicate life with nitrocellulose screened for binding to Mi 
coupled to -I-labeled bovine scrum albumin (BSA) (TizTdm 
Duplicate screens of 90,000 recombinant phage from thc light chlhlU 
library and a similar number from the heavy chain library <fid nSflfl 
identity any clones that bound the antigen. In contrast, the jcrccaor#| V- v 
a similar number of clones from the Fab expression library idcnri&d'ftf • * 
many phage plaques that bound NPN (Fig. 5). This obscn-aooo'.^^p- 
indicates that, under conditions where many hcaw chains in g'i 
nation with light chains bind to antigen, hcaw or'light chains ^^^'^ 
do not. Thcretore, in the case of NPN, we 'expect due therc'ire Jp: : ^ 




many heavy and light chains that only bind anrigen when thcy«"^ 
it and hcaw chains, tcsdccdvcIv. Thi f$£\ 



combined with spedfic lighv „«vv aiams, rcspcra^y. — 
result supports our decision to screen large combinatorial F^aS^ 
expression libraries. To assess our abilin' to screen large numbers 'J|j 
clones and obtain a more quantitative estimate of thc frequency oT g^ 
anrigen binding clones in thc combinatorial library, we screened ooc -^J 
million phage plaques and identified approximately 100 clones dtf 
bound to anrigen. For six clones, a region of thc plate containing the 
posidvc phage plaques and approximately 20 surrounding them [ 
"cored," rcplatcd, and screened with duplicate lifts (Fig. 5). Aj ; f 
expected, thc expression products of approximatclv 1 in 20 of rf* ^ 
phage specifically bind to antigen. Phage which were believed to be - 
negative on thc initial screen did not give positivcs-on repbting- 

To determine thc specificity of thc antigen-antibodv intcracoooj ■ _ 
antigen-binding was subjccTc'd to competition with free unlabcW 
anrigen (Fig. 6). These studies showed that individual clones coo~ . , 
be distinguished on thc basis of antigen affinity. Thc concrntranj* 
of free haptens required for complete inhibition of binding :-\v 
benvcen 10 to TOO x lO" 9 ^, ruggesting that thc cxp^d 1* ; 
fragments had binding constants in thc nanomolar range. • • ^ 
In preparation for charaacrization of thc protein P^.^ 
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plasmid containing thc heavy and light chain *^cncs was cscis 



helper phage ( Fig. 7). Mapping of thc excised olasniid dt ' m ° n ^ 
a restriction pattern consistent with incorporation of h^' ^ a 
chain sequences. Thc protein products of one of ii* c,on 




P^-^^ 'Caing to establish the composition of the NPN binding 
^cin - oactcr *- a * su P crnaunc an:cr IFTG (tsopropyl thiotralacro- 
F° j n j action was concentrated and subjected to gel filtration. 
• ^\jon> in chc ™>kcular sizc ran ? c 40 c0 60 kD wcrc P°° icd - 
SiV ^^uratcd, and subjected to a further gel filtration separation. 
"JTca, inalvsis of the clutcd fractions (Fig. S) indicated chat NPN 
*7***j |lt , vV as associated with a protein of a molecular sizc of about 50 
\!T\ v }iich contained both heavy and light chains. An immunoblot 
* dl coi :ntratcd bacterial supernatant preparation under nonrcduc* 
. c0i: ^ions was developed with antibody to dccapcptidc. This 
Jg' ^j\ c c l 50-kD protein band. We have found that the ancigen- 
l jvf £»ding protein can be purified to homogeneity from bacterial 
^cmacc in two steps involving atRnity chromatography on protein 
^followed by gel filtration. SDS-PAGE analysis of the protein 
-caJcd a single band at —50 kD under nonrcducing conditions and 
, doublet at -25 kD under reducing conditions. Taken together, 
if;, diese results arc consistent with NPN-binding being a function of 
3$ Fab fragments in which heavy and light chains arc covaJcndy linked 
% ^T" bj' a disulfide bond. 

7- Properties of the in vivo repertoire compared to the phage 
^combinatorial library. Previously we constructed a highly diverse 
i-'i*y H library in £. coii. We have now combined heavy and light chain 
^^T^pries to clone and express assembled and functional Fab frag- 
^£=Witf of immunoglobulin. A moderately restricted library was 
^^^prparcd because only a limited number of primers was used for 
* ^-polymerase chain reaction (PGR) amplification of Fd sequences. 
'lirs&Hic library is expected to contain only doncs expressing K-yl 
IS^i^cqucnccs. However, this is not an inherent limitation of the 
^i^DCthod since the addition of more primers can amplify any antibody 
&'&ss or subclass. Despite this restriction we were able to isolate a 
Js'fergc number of clones producing antigen binding proteins. 
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A central issue is how our phage library compares with the in vivo 
antibodv repertoire in terms of sizc, characteristics of diversity, and 
ease of access. 

The size of die mammalian antibody repertoire is difficult to 
judge, but a figure of the order of 10 6 to 10* different antigen 
specificities is often quoted. With some of the reservations discussed 
below, a phage library of this sizc or larger can readily be construct- 
ed by a modification of the method described. Once an initial 
combinatorial library has been constructed, heavy and light chains 
can be shuffled to obtain libraries of exceptionally large numbers. 

In principle, the diversity characteristics of the naive (unimmu- 
nized) in vivo repertoire and corresponding phage library arc 
expected to be similar in that both involve a random combination of 
heavy and light chains. However, different factors act to restrict the 
diversity expressed by an in vivo repertoire and phage library. For 
example, a phvsiological modification such as tolerance will restrict 
the expression of certain antigenic specificities from the in vivo 
repertoire, but these specificities may still appear in the phage 
library. However, bias in the cloning process may introduce restric- 
tions into the diversity of the phage library. For example, the 
representation of mRNA for sequences expressed by stimularcd B 
cells can be expected to predominate over those of unstimulated cells 
because of higher levels of expression. In addition, the resting 
repertoire might ovcrrcprcscnt spontaneously activated B cells 
whose immunoglobulins have been suggested to be less specific. In 
anv event, methods exist to selectively exclude such populations of 
cells. Also, the fortuitous presence of restriction sites in the vari- 
able gene similar to those used for cloning and combination will 
cause them to be eliminated. We can circumvent some of these 
difficulties by making minor changes, such as introducing amber 
mutations in the vector system. Different source tissues (for exam- 
ple, peripheral blood, bone marrow, or regional lymph nodes) and 
different PGR primers (for example, those to amplify different 
antibody classes), may result in libraries with different diversity 
characteristics. 

Another difference between in vivo repertoire and phage library is 

[Inhibitor! 



5. Screening phage libraries for anzigen -binding. Duplicate plaque lifts 
:* **Fab (filccn A and B), heavy chain (filters E and F), and lieht chain (filters 
J J* *nd H) expression libraries were screened against lX3 l-labcIcd BSA 
J * : toajugatcd with NPN at a density of approximately 30,000 plaques per 
f ijPwc, Filters C and D illustrate the duplicate secondary screening of a cored 
; Votive from a primary filter A (arrows) as discussed in chc text. Standard 
\ /'-2^ Uc ^ methods were used in screening. Cells (XL I blue) infected with 
*| Vpwgc were incubated on 150-mm plates for . 4 hours at 37*C, protein 
1 "**S r rew ' cm was "^uccd by overlay with nitrocellulose filters soaked in 1 m\t 
.> xzj^* *"d the plates were incubated at 2S # C for 8 hours. Duplicate filters 
$ vY** c obtained during a second incubation under the same conditions. Filters 
\ *Pu; C ^ Cn kk^cd in a solution of 1 percent BSA in phosphate- buffered 
'#2? f^S) for 1 hour before incubation (with rocking) at 2S*C for 1 hour 
i * Jolution of '"Habclcd BSA (at 0.1 ujW) conjugated to NPN 

.10* cpm/rnl; approximately 15 NPN per BSA molecule), in I percent 
"J .^tx , **BS. Background was reduced by preliminary ccntrirugacion of stock 
'5 kti!l!^' c<1 solution at 100,000? for 15 minutes and preliminary 
? J^cct °° °^ so ' unons wtt ^ plaque lifts from plates containing bacteria 
■i r?^ lcd u ""h a phage having no insert. After labeling, filters were washed 
; \ (£^ tc *% with PBS containing 0.05 percent Twccn 20 before the overnight 
j \jg> C °P fn cr.( of autoradiographs. 

iMj lC ^"r.K , 9 S9 



Rg. 6. Specificity of antigen bind- 
ing shown by competitive inhibi- 
tion. Filter "lifts from positive 
plaques were exposed to ,1J Mabeicd 
BSA-NPN in the presence of in- 
creasing concentrations of the inhib- 
itor NPN. A number of phages cor- 
related with NPN-binding as in Fig. 
5 were spotted in duplicate (about 
100 panicles per spot) directly onto 
a bacterial lawn. The plate was then 
overlaid with an IPTG-soakcd filter 
and incubated for 19 hours at 25*C 
The filters were then blocked in 1 
percent BSA in PBS before incuba- 
tion in ll3 l*BSA-NPN as done pre- 
viously with the inclusion of varying 
amounts of NPN in the labeling 
solution. Other conditions and pro- 
cedures were as in Fig. 5. The results 
for a phage of moderate affinity arc 
shown in duplicate in the figure. 
Similar results were obtained for 
four other phages with some differ- 
ences in the ctfcctivc inhibitor con- 
centration ranees. 
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r .. A plasmid can be excised ^ t*™,w , 

i XLcl, XHt2, and their combi- />- |» Orijin 

>n because they arc a modinci- 
ooo of-Xzap II. # Mi3mp8 wai used 
as- helper phage and the excised 
plasmid was infeaed into*! F" de- 
rivative of MCI 06 1. The excised 
plasmid contains the "same con- 
structs for antibody fragment 

expression as do chc parent vectors (Fig. 1). These plasmid constructs arc 
more convcniendy anaJyzcd for restriction partem and protein expression of 
the X phage clones identified and isolated on the basis of antigen binding. 
The plasmid also contains an (1 origin of replication which facilitates the 
preparation of singlc-strandcd DMA for sequence analysis and in vitro 
Mutagenesis. 



that onriBodics isolated from chc repertoire may have benefited from 
affinity maturation as a result of somatic mutations after combina- 
tion of heavy and light chains whereas the phage library randomlv 
combines the matured heavy and light chains. Given a large enough 
phage library derived from a particular in vivo repcrxoirc^the 
original matured heavy and light chains will be rccombincd. Hov>- 
ever, since one of the potential benefits of this technology is to 
obviate the need for immunizarion by chc generation of a single 
highly diverse "generic" phage library', it would be useful to have 



methods to optimize sequences to compensate for the absr, 
somatic mutation and clonal selection. Three procedures a 
readily available through the vector system presented. Firsr^ 
tion mutagenesis may be performed on the complcm^ 
determining regions (CDR/s) (23) and the resulting Fab's 
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Fig. 8. Charaoenzation of an anngen binding protein. The concentrated 
pamally punficd bacterial supernatant of an NPN binding clone was 
tcparatcd by gel filtraoon and samples from each fraction were applied to 
jnicrootcr pbtcs coated with BSA-NPN. Addition of either anribodv to 
deapepade (-) or anabodv to k chain left-hand scale) conjugated inch 
alkaline phosphatase %vas followed by color development The anw indi- 
aces me posmori of cluoon of a known Fab fragment. The results show that 
magen binding is a property of a 50-kD protein containing both heavy and 
ight chains. To permit protein charaacrization, a single plaque of a NPN- 
xxsiavc done (F.g 5) was picked, ind the plasmid containing chc heavy and 
. cham inserts (Fig. 7) was excised (19). Cultures (500 ml) in L broth 
wc-c inoculated with 3 ml of a saturated culture of the done and incubated 
tor 4 hours at 37*C Protein synthesis was induced bv the addiuon oflPTG 
x> a final concentration of i mM, and the culcures were incubated for 10 
>ours ac 25 C The ^pematant from 200 ml of ecus was concentrated to 2 
pi and applied to a TSK-G4000 column. Samples (50 ul) from the cluted 
rraenons were assayed by EUSA. Mieroriter plates were coated with BSA- 
NPN at i ^g/ml SO-uJ samples were mixed with SO uJ of PBS-Twcen 20 
AOd percent) USA (0 1 percent) added, and the plates were incubated for 2 
lours ar 2S u The plated material was then washed with PBS-Twcen 20- 
7 *" V „« ° f a PP r opnatc concentrarioris of a rabbit antibody to 
iccapcptidc (20) or a goat anribody to mouse k light chain (Southern 
B.otcch) con,ugatcdw,ch alkaline phosphatase were added and incubated for 
2 hours at 25 C The plates were again washed, 50 u.1 of ^-nitrophcnvl 
Phosphate (I mg/ml in 0.1 M tris,,H 9.5, containing SO mA^MeCK) X 
idded and the plates were incubated for IS to 30 minutes Vd the 
»bsorbancc was read at 40S nm. 

tzSo 



assayed for increased function. Second, a heavy or a light cru^*^f" 
clone that binds antigen can be rccombincd with the entire r^*** 
heavy chain libraries, respectively, in a procedur 
used to construct the combinatorial library. Third, iterative cvd ^ 
the two above procedures can be performed co further opti^i^^f 
affinity or catalytic properties of the immunoglobulin. The Ioj t ^3 
procedures arc not permitted in B cell clonal selection, \vhj^ 
suggests that the methods described here may actually increase 6G?^ 
ability to identify optimal sequences. * " 

Access is the third area where it is of interest to compare thclf^ 
vivo antibody repertoire and phage library. In practical tcrrns'dyf^ 
phage library is much easier to access. The screening methods uscd^ 
have allowed one to survey the gene products of at least 50 000^' 
clones per plate so that 10 6 to 10 7 antibodies can be rcaatyf 
examined in a day but the most powerful screening methods depend 
on selection. In the catalytic antibody system, this may be accomT^ 



plished by incorporating into the anrigen leaving groups necessary— 
for replication of auxotrophic bacterial strains or toxic subsrinjcno'|i 
susceptible to catalytic inacrivarion. Further advantages arc related 
to the fact that the in vivo anribody repertoire can only be accessed^ 
via immunization, which is a selection on the basis of binding^ 
affinity. The phage library is not similarly restricted. For example^ 
the only general method to identify antibodies with aouypcA 
properties has been by presclccdon on the basis of afnniry of.jSSi 
antibody to a transition state analog. Such restrictions do noc'app^ 
to the in vitro library where catalysis can, in principle, be assaycti(|j 
directly. The ability to assay directly large numbers of antibodies jforf " 
function may allow selection for catalysts in reactions wherc^ 
mechanism is not well defined or synthesis of the tramition'soxc]^ 
'analog is difficult. Assaying for catalysis directly eliminates AcTw^g 
of the screening procedure for reaction mechanisms limited . ro^/lf 
particular synthetic analog; therefore, simultaneous cxploratiorfarg 
multiple reaction pathways for a given chemical transformarion'arc^ 

possible. 

We have described procedures for the generation of Fab fog*® 
mcnts that arc dearly different in a number of important respeco $ 
from antibodies. There is undoubtedly a loss of affinity in having '%z^.\ 
monovalent Fab antigen binders, but it is possible to compensate'^ W&i 
this by selection of suitably right binders. For a number of ^P?^^^ 1 
dons such as diagnostics and biosensors, monovalent Fab fagm<*?;^§ *' 
may be preferable. For applications requiring Fc effector runcnonii'^g* 
the technology already exists for extending the heavy chain gene ^ |||| ' 
expressing the glycosylated whole antibody in mammalian cells. 

Our data show that it is now possible to construct and screen * ?^ 
least three orders of magnitude more clones with monosrxcificiry 
than previously possible. The data also invite speculation concerning 
the production of antibodies without the use of live animals. . J£>' 
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" Convinced of the correctness of his 17 -dimensional model of the 
universe, theorist Martin Nowsky was not above testing ii directly." 
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